The nucleotide sequence of the entire chloroplast genome (150,519 bp) of a legume, Lotus japonicus, has been determined. The circular double-stranded DNA contains a pair of inverted repeats of 25,156 bp which are separated by a small and a large single copy region of 18,271 bp and 81,936 bp, respectively. A total of 84 predicted protein-coding genes including 7 genes duplicated in the inverted repeat regions, 4 ribosomal RNA genes and 37 tRNA genes (30 gene species) representing 20 amino acids species were assigned on the genome based on similarity to genes previously identified in other chloroplasts. All the predicted genes were conserved among dicot plants except that rpl22, a gene encoding chloroplast ribosomal protein CL22, was missing in L. japonicus. Inversion of a 51-kb segment spanning rbcL to rpsl6 (positions 176) in the large single copy region was observed in the chloroplast genome of L. japonicus.
Introduction
The chloroplast is a plant organelle which contains the entire enzymatic machinery for photosynthesis, and is assumed to have originated by endosymbiosis of ancient cyanobacteria. Genes encoding the components of the chloroplast translational system have been identified in the nuclear genome, 1 suggesting that drastic genome rearrangement and gene transfer to the nucleus occurred during the process of evolution. The complete nucleotide sequence of the chloroplast genomes were first reported in tobacco 2 and liverwort 3 in 1986, and the structures of the chloroplast genomes of a variety of land plants and algae have been reported' 1^17 to date. The complete genome structure of a cyanobacterium, Synechocystis sp. PCC6803, has also been determined. 18 Comparison of structures of these genomes should provide not only invaluable information for understanding of the process of chloroplast evolution, but also insight into the mechanisms underlying divergence among chloroplast genomes of various plant species.
Lotus japonicus has been proposed as a model system for molecular genetics in legume species, especially with regard to the interaction between the legumes and rhizobia. 19 Intensive genomic studies including generaCommunicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-438-52-3933, Fax. +81-438-52-3934, E-mail: tabata@kazusa.or.jp tion of DNA markers and a genetic linkage map, construction of genome and cDNA libraries, and collection of expressed sequence tags are in progress. 20 ' 21 In this study, we determined the complete nucleotide sequence of the chloroplast genome of Lotus japonicus and compared the structures of genes and the genome of the legume chloroplast with those of other plant species.
Materials and Methods

DNA sources
The genome library of Lotus japonicus Miyakojima accession MG-20 was constructed by ligating the sizefractionated partial 5ou3AI-digests of the total cellular DNA with a pBeloBACll vector. The average insert size of this library was 104 kb long.
BAC clones harboring the chloroplast genome sequences were isolated by screening the library with the PCR product produced based on the rbcL gene sequence obtained by the EST analysis of L. japonicus. End sequences of the selected clones were determined and localized onto the chloroplast genome of Arabidopsis thaliana to deduce the relative positions of the clones, then two clones, LJBI08I01 and LJBI04M24, which covered the entire chloroplast genome with overlaps, were chosen for the subsequent sequence analysis.
The 
DNA sequencing and data assembly
The nucleotide sequence of each BAC clone was determined according to the bridging shotgun method described previously. 22 Briefly, the purified BAC DNA was subjected to sonication, then size-fractionated by agarose gel electrophoresis. Fractions of approximately 1.0 kb and 2.5 kb were separately cloned into M13mpl8, and the libraries of element and bridge clones, respectively, were generated. For sequencing the element clones, singlestranded DNAs were prepared from 100 ^1 each of phage supernatants according to the standard procedure and used directly as templates. Inserts of the bridge clones were amplified by PCR followed by purification with polyethylene glycol as described.
Sequencing was performed using the Dye-primer Cycle Sequencing kit (Perkin Elmer Applied Biosystems, USA) and type 377XL sequencers (Perkin Elmer Applied Biosystems, USA). The single-pass sequence data from one end of element clones and both ends of bridge clones were accumulated. Sequence data equivalent to 8 times the size of the genome were assembled using Phred-Phrap programs (Phil Green, University of Washington, Seattle, USA).
Computer-assisted data analysis
The nucleotide sequences were translated in six frames using the universal codon table, and each frame was subjected to similarity search against the non-redundant protein database, nr, using the BLASTP program. 23 Positions of each local alignment, which had a similarity score of 70 or more to known protein sequences, were extracted and aligned along the query sequences. If internal gaps occurred, the alignments with scores less than 70 were re-searched to fill in the gaps.
Structural RNA genes were identified by similarity search against the structural RNA data set from GenBank with the BLASTN program, 23 and are defined as the regions with local alignments showing 80% or more identity to the query sequences along 50 bp or more nucleotides. For assignment of tRNA genes, the tRNAscan-SE program 24 was applied for prediction.
Results and Discussion
Structure o/L. japonicus chloroplast genome
The sequence of the chloroplast genome of L. japonicus was deduced by assembling the sequences of two partially overlapping BAC genomic clones. The complete genome size was 150,519 bp. The sequences of nucleotide positions 59,149-108,567 and 108,568-150,519/1-59,148 were obtained from clones LJBI08I01 and LJBI04M24, respectively, as shown in Fig. 1 . The sequence of a ycfl gene was obtained from LJBI07A06 as described in the next section. The genome consisted of a pair of inverted duplications of 25,156 bp (IRA and IRB) of identical sequence, which are separated by a small single copy region of 18,271 bp (SSC) and a large single copy region of 81,936 bp (LSC). The overall A + T content was 64.0%, which is similar to those of tobacco (62.2%), A. thaliana (63.7%), rice (61.1%) and maize (61.5%). The A + T contents of the LSC and SSC regions were 66.3% and 70.3%, respectively, whereas that of the IR-regions was 57.8%.
Comparison of the genome structures among three dicot plants, L. japonicus, tobacco, and A. thaliana revealed inversion of a large segment spanning rbcL to rpsl6 (positions 5161-56,176) in the LSC region of Lotus chloroplast (Fig. 2 ). This inversion was also shown in soybean by successful amplification of the regions spanning the borders by PCR (data not shown), suggesting that the inversion is common to the legume species. Inversion of other portions has been reported in the chloroplast genomes of monocot (wheat, 25 plast species. 6 ' 16 ' 26 28 We compared the border positions with respect to the adjacent genes among L. japonicus, tobacco and A. thaliana : and found the shifts at all four border positions. The rpsl9 and ndhF genes were located in both LSC and IRB and in both IRB and SSC, respectively, in L. japonicus and A. thaliana, while the rpsl9 and ndhF genes were located in LSC and SSC, respectively, in tobacco.
Structural features of putative protein-coding genes
Assignment of the potential pirotein-coding regions was performed by similarity search as described in the previous paper, 16 and the positions of a total of 84 genes including 77 unique gene species and 7 duplicated genes in the inverted repeat regions were localized on the map (Fig. 3) . The deduced amino acid sequences of the chloroplast genes of L. japonicus were compared to those of previously sequenced chloroplast and cyanobacterial genomes ( Table 1 ). All the genes in the L. japonicus chloroplast genome showed sequence similarity to those in tobacco and A. thaliana. The values varied from 47.7% to 100% at the amino acid level depending on the gene species, which is more divergent than those between two dicots, tobacco and A. thaliana (63.9% to 100%). 16 Comparison was carried out by dividing the assigned genes into the following three functional categories: genes related to gene expression, photosynthetic apparatus and photosynthetic metabolism ( Table 1) . The values for genes classified into gene expression varied from 72.7% to 98.7% (average identity: 85.9%), those classified into photosynthetic apparatus from 75.4% to 100% (average identity: 94.9%), and those classified into photosynthetic metabolism from 70.9% to 98.8% (average identity: 89.4%). Sequence conservation was observed when comparison was performed with the genes in the cyanobacterial genome (26.2% to 90.1%: average identity: 58.8%) with the highest values for those in the category of photosynthetic apparatus (46.2% to 90.1%: average identity: 70.2%).
Most of the genes predicted in L. japonicus chloroplast genome were present in the chloroplast genome of two dicot plants, tobacco and A. thaliana. However, rpl22, a gene coding for chloroplast ribosomal protein CL22, was not identified in the chloroplast genome of L. japonicus. The absence of rpl22 gene in a large cluster of ribosomal protein genes was first reported in soybean, 29 then in subclover (Trifolium subterraneum) 30 and in other legumes. 31 It was reported that a functional copy of the rpl22 gene was located in the nucleus of pea, 31 strongly suggesting that the missing rpl22 is present in the nuclear genomes in the legume species including L. japonicus.
We found a frame shift in the ycfl gene, which splits this gene into two open reading frames (ORFs). This frame shift did not occur in the corresponding region of a different clone LJBI07A06, suggesting that two types of the chloroplast genome, one with the intact ycfl and another with the gene lacking one T residue, co-exist in the organelle and/or cells. We adopted the intact ycfl sequence obtained from LjBI07A06 for the final sequence.
It has been reported that RNA editing plays an important role in the translation process in chloroplasts. The psbL gene of L. japonicus had an ACG codon instead of an ATG codon at the translation initiation site (positions 62,378-62,376), as was observed in tobacco and spinach. 32 The ACG codon was also found at the position of initiator codon of the ndhD gene (positions 113,449-113,447). The observation that the AUG initiator codon was created from the ACG codon by C to U editing in tobacco, spinach and snapdragon 33 indicates the presence of an RNA editing system in L. japonicus.
Structural features of putative RNA-coding genes
Assignment of RNA-coding genes was carried out by the similarity search and computer prediction as described in the previous paper. 16 Two copies of ribosomal RNA gene clusters (16S-23S-4.5S-5S) of identical sequence in the two inverted repeat regions were found in the chloroplast genome of L. japonicus (Fig. 3) . Each cluster was intervened by two tRNA genes, trnl and trnA, in the 16S-23S spacer region. The sequences of the RNA-coding regions are conserved among the chloroplast genomes: sequence identities of four rRNA genes with those of tobacco were 98-99%.
A total of 37 tRNA genes (30 gene species) representing 20 amino acid species were identified in the genome. ther the anticodon stem, the anticodon loop, or the Dstem (Fig. 4) . On the basis of the structural information derived from the entire protein and from the tRNA gene constituents of the genome, the frequency of codon usage and the recognition patterns of the codon and the corresponding anticodon were deduced (Table 2 ). Significant codon bias was not observed. Thirty tRNA species can recognize all the codons used in the genome except for trnli-ACG, where only one species of trnR was found for four types of codons with different third letters. One possible explanation would be that only the first two letters of the codons are recognized by tRNA. One alternative could be that the corresponding tRNAs are supplied from the nuclear genome. 
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